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I, INTRODUCTION

Thermal, plasma, and anodic oxides of gallium arsenide (GaAs) have been
heavily explored as insulating and passivating layers for this important
semiconductor, with relatively little success. High trap density at the
interface leads to poor electrical char:ac!:eristics.l'z’3 Certain nonnative
insulators, such as silicon dioxide (8102) and silicon nitride (Si3N4)
deposited by various methods, also have high interface-state densities. In
this case the interface states seem to be related to the presence of an
interfacial layer of oxidized GaAs, either native oxides present before

deposition, or oxides created during the deposition process.a'7

For example, in the vacuum ultraviolet irradiation-(VUV) assisted
chemical vapor deposition of Si0, on GaAs, the "Photox"” process developed by
Hughes Aircraft Company, a GaAs photochemical oxide is found at the GaAs-SiO2
interface even when no initial GaAs native oxide is present before deposi-
tion.8 Knowledge of the mechanism of photochemical oxidation of GaAs is
important for reducing or eliminating this layer, and for enhancing the
usefulness of the "Photox" process in GaAs passivation. In the experiments
reported here, the kinetics of the VUV photochemical oxidation of GaAs by
nitrous oxide (NZO) have been observed by X~ray photoelectron spectroscopy
(XPS). A probable mechanism for the reaction is suggested in which molecular
Nzo adsorbs on clean, stoichiometric GaAs prior to its dissociation. This

model is suggested by the temperature dependence of the reaction: The

reaction is less complete as the subgstrate temperature is raised.
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II. EXPFRIMENTAL PROCEDURE

The GaAs coupons were polished <100> faces of p-type material, zinc

(Zn)-doped to a carrier concentration of 5 x 1018 cm™3.

To produce the
native oxides, coupons were cleaned with 2% bromine (Br) in methanol for 10
sec, rinsed in methanol, then placed in air at room temperature for several

months.,

For the photochemical oxidation experiments, the photochemical reactor
was enclosed in a glove bag filled with flowing N,. The GaAs coupons were
etched in the glove bag in either 2% Br, in methanol for 10 sec (to produce a
stoichiometric surface), or in concentrated HCl for 15 min (to produce an As-
rich surface),9 rinsed in ethanol, and loaded into the reactor chamber. Since
this procedure was carried out in the glove bag, the cleaned samples were
never exposed to air. To the sensitivity of our XPS measurements, no oxidized
Ga or As is present on the surface. In the reactor the substrate was placed
on a heated copper block where it would be illuminated from above by a low-
pressure mercury (Hg) lamp. The photon flux of the lamp is about 1 x 10IS
photons/cm2 sec, equally split between the 2537-2 and 1849-A lines. Both
lines have sufficient energy for e ht pair production in GaAs, and the 1849-

A line can dissociate N,0 to produce Nz(lz) and 0(3P,1D). N,0 was introduced
into the evacuated chamber at a flow rate of 60 standard cubic centimeters per
min (SCCM), and the pumping speed was adjusted to establish a pressure of

6 Torr in the chamber. These conditions are similar to those used in the
photochemical deposition of Si0, on GaAs. The chamber has been used with a Hg
sensitizer, but Hg was not intentionally added to the Nzo in these experi-
ments. After the flow of NZO was established, the lamp was turned on for an
arbitrarily chosen period of time. As a result of the geometry of the

reactor, the Hg lamp illuminates both the gas and the substrate surface.

The coupons wer: removed from the reactor chamber, again in an N, envir-
onment, and placed in a desiccator. The desiccator was transferred to an No=
filled glove bag attached to a modified GCA-McPherson ESCA-36 XPS spectrometer

that had a spherical-sector analyzer and a position-sensitive detector.lo The

S
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coupons were loaded into the spectrometer, also in an N, atmosphere, and the
spectrometer was evacuated to 1 x 10'7 Torr. The entire procedure, from the

unloading of the reactor chamber to the XPS analysis, generally took less than
30 min.
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III. RESULTS

A. GaAs NATIVE OXIDES

The compositions of GaAs native oxides have been measured many

times.?»!1 The results of this study are in agreement with the literature:

the oxide is 80% gallium trioxide (Ga,04), with 20% arsenic trioxide (As,04)
and occasionally a small amount of arsenic pentoxide (AsZOS), depending on
preparation conditions (Fig. 1). The oxidized As peak, separated by 3.8 to
4,2 eV from the more prominent peak as a result of GaAs in this study, is
assigned to As,03 by comparison to binding energy values for bulk Aszo3.12
Some workers have found smaller values for this separation for lightly oxi-
dized GaAs,11 values that could be due to either oxygen deficiency of the
oxides or band-bending effects. There is elemental As present in the native
oxide. The elemencél As signal is unresolvable from the GaAs As signal in
these experiments because of the signals' ~ (0.5-eV separation. However, the
full width at half maximum (FWHM) of the As XPS peak in a native—oxide-covered
surface is 1.9 eV, compared to 1.4 eV for a clean surface; this clearly indi-

cates the presence of unresolved structure.

An additional form of oxidized As is present in the native oxide after
exposure to VUV radiation (Fig. 2). It {s not as highly oxidized as As,04, as
shown by its XPS peak position intermediate between those of GaAs and As;0;.
The As(mecal)-A3203 separation of approximately 3.6 eV for a change of 3 in As
oxidation statel? implies that the 2.8-eV separation between GaAs and par-
tially oxidized As corresponds to a formal As oxidation state of about 2.

This should not be taken as an indication of the presence of an actual
compound "AsO.” The +2 oxidation state of As 1is not stable. Instead, this
separation means that one of the As-0 bonds has been broken during VUV
irradiation, and the oxide is oxygen deficient. There is also a pronounced

shoulder on the most intense As peak; we attribute this to elemental As.
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Pig. 1. XPS Spectrum of Native-Oxide-Covered GaAs

10

A T O T T T ST T S T S T - ‘




i i T UED AT GOV RNMENT FE e e

AR AL Y T RAT N

Pardtere fpetatines of T Aerospace Corporation 18 conducting

Y and theorsttoa! tnvesthvaztons pecessary for the evaluation and

it toactentitic advances Coonew Miltrary space sveteas, Versattitity

1iev have heen deveispe! to g hilgh degree by the lahoratory persan-

with the manv orohleans encouatersd 1o the natisn's rapidly

vl b el
desel iy apace asstems,  Sxpertiss ) the latest sctentific developments ts
vital ot accoplishment ot tasr, related to these problems. The Javora-

torlo s Tt cantrthate L TRLS Tese o A4re

Colanaragtore: baaact vehtcle ang reeatey fiufd mechantos, heat

tra i l]:nt_?\-um_x.hﬁ Chert and eluotri. propulsio:, aropellant
e Tra, o vovitonmental harards, Crace Jefectlon) spacecrart structaral
mectanls o, coarantnatlon, theraal o stroetara! coateal; ilgh temperature
thernome: tandes, gas kttettes and raliattan; ow and palsed daser deve lopment
o tatiie Lreatcal xinetics, spect: .soopv, aptlcal resoanators, beam control,
Atmonitorl propagation, laser affects anl coantermeasdtes.

inrre and Pnysics Lahratary: Atmospheri. chemlc4)l reactions, atmo-
sphert. 1o, 1ignt scatrering, stite=spe . {flc chemtcal reactions ant radia-
Clony traon, 0 fn roacket plumes, appli-? laser spectroscopy, 1aser chemlstry,

tawer oo coonronics, salar cell ravsicos, battery electrocheaistry, space
vaswrr ant oratiatton effacts snopaterials, luhrication and sarface phenomena,

thepmt, Ta5107, photosensitive materialyd Aot detectars, atami: trequenry
stantar L ot envlronmental chemiares,

v orranics Kesearch Lasarat rv: Microelectronics, LaAs low roise and
L MmAnctor lasers, eloctromagne: ¢ and aprical propagizion
phemeng, Taantan eleceronics, lasrr communications, dar, and electe -
Gatlen, g octeatiun s teqces, antilet eleote it s, sentcandactor crstal and
degt [ Uos, raltanerod fmagtey, wUiltmeter wave, miorowave tes b Iagy,
ant kb L cwteg research,

Faf crmyrdon SHotences Reseac- b (2 b{re s Proyran verification, program

trar Attty pertoravice-seasitive sestens design, distrihatet ar hitectares
for sy otarne computers, faultetolerast compoter svstenms, arilftoial {ntel-
Lgenos ayd mtcroelestrontes applicalions,

Arertyla Sclerreq jahsratory: Development of new materlials: wmetal
coaresites, tolvmers, and new toaraw of cachon, nundestructive evalua-

marc!
tfon, o =, onent tatlire analysts an! reliabiliry; fracture mechanics and
Streds ¢orrnstong analvsis and evaluation »f marerfials at ccyogenic and

elevarte ! Conperatures as well am 19 apace and enemy-1nduced environments.

Spne ‘fl:rlu_l,ﬂr.nnrv; Hay_netmpr.r‘lr, auroral and cosmic rav phys-
1ca, waie-partiole interra~tious, magnrtospheric plasma waves; almospheric and
ltonosplerts physf-a, Jdeasity and compodition nf the upper atmosphere, remote
genalay udiny atmosphecic radiation; salac physics, Infrared astronomy,
tnfrared atynature analysis; effects of solar activity, magnetic storms and
nuclear explogtions on the earth's atmogphere, ifonogphere and magnetosphece:
effecta nt electromagnetic and pacticalate radtatlons on space systems; space

Tagrre 2 on,




10.

11.

12.

13.

14,

15.

16.

l7.

REFERENCES

J. Lagowski, T. E. Kazior, W. Wolukiewicz, H. C. Gatos, and J. Siejka,
J. Vac. Sci. Technol. 19, 519 (1981).

H. Hasegawa, T. Sawada, and T. Sakai, Surface Sci. 86, 819 (1979).

R. P. H. Chang, J. J. Coleman, A. J. Polak, L. C. Feldman, and
C. C. Chang, Appl. Phys. Lett. 34, 237 (1979).

J. F. Wager and C. W. Wilmsen, J. Appl. Phys. 53, 5789 (1982).

J. D. Langan and C. R. Viswanathan, J. Vac. Sci. Technol. 16, 1474
(1979).

R. P. Vasquez and F. J. Grunthaner, J. Vac. Sci. Technol. 19, 431 (1981).

M. D. Clark and C. L. Anderson, J. Vac. Sci. Technol. 21, 453 (1982).

P. A. Bertrand, to be published.

P. A. Bertrand, J. Vac. Sci. Technol. 18, 28 (1981).

P. A. Bertrand, L. E. Tribble, W. J. Kalinowski, and L. U. Tolentino,
Rev. Sci. Instrum. 54, 387 (1983).

H. Iwasaki, Y. Mizokawa, R. Nishitani, and S. Nakamura, Jpn. J. Appl.
Phys. 17, 315 (1978); 17, 1925 (1978); 18, 1525 (1979).

C. D, Wagner, W. M. Riggs, L. E. Davis, and J. F. Moulder, Handbook of
X-Ray Photoelectron Spectroscopy, Perkin-Elmer, Eden Prairie, Minn. 1979;

Y. Mizokawa, H. Iwasaki, R. Nishitani, and S. Nakamura, J. Electron
Spectrosc. Relat. Phenom. 14, 129 (1978); L. D. Hulett and T. A. Carlson,

e ol PP WAL S U P S S I L Y A PR SRR St Y P Y

App. Spec. 25, 33 (1971); and W. J. Stec, W. E. Morgan, R. G. Albridge,

and J. R. Van Wazer, Inorg. Chem. 11, 219 (1972).
W. Ranke and K. Jacobi, Surface Sci. 81, 504 (1979).

P. Pianetta, I. Lindau, C. M. Garner, and W. E. Spicer, Phys. Rev. B, 18,
2792 (1978).

V. I. Nefedov, Surf. Interf. Anal. 3, 72 (1981).

S. P. Kowlaczyk, D. L. Miller, J. R. Waldrop, P. G. Newman, and
R. W. Grant, J. Vac. Sci. Technol. 19, 255 (1981).

J. M. Woodall, P, Oelhafen, T. N. Jackson, J. L. Freeouf, and
G. D. Pettit, J, Vac. Sci. Technol. B 1, 795 (1983).

PREV'O —_—

us

1S BLAN::ACF
- TAT

25 M




Be Al AR M G S, et i N Al REni Sadh Sl S Sad S At ARt A A A A A A AR AR N A At A A A A A

V. CONCLUSIONS

The photochemical oxidation of clean, stoichiometric GaAs probably pro-
ceeds by (1) adsorption of N,0, (2) dissociation of the NoO on the VUV-excited
surface, and (3) oxidation of the surface by the adsorbed 0 atoms. The tem-
perature dependence of the overall reaction is dominated by the temperature
dependence of adsorption of NZO' An As-rich surface oxidizes more slowly and
the oxidation process saturates at 30 min. In this case, either gas-phase or
surface dissociation of N,0 may occur; the rate~limiting step and cause of
saturation is the oxidation of the surface by adsorbed O atoms. The
As-covered surface does not present the proper sites (As atoms surrounded by

Ga atoms) for fast, continued oxidation of GaAs.

23
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and their transport to the surface is less probable than the adsorption and

decomposition of NoO for the previously considered case of a clean surface,
which would account for the overall slowing of the reaction. However, it

would not account for the saturation of oxidation after 30 min.

The final step of the photochemical oxidation reaction, the oxidation of
GaAs by adsorbed O atoms, must be rate-limiting in this case. This step
should be very geometry- and composition-dependent. For example, room-
temperature adsorption of 0, has been found to produce two adsorbed oxygen-
containing species on GaAs surfaces of various geometries and cc.positions: an
adsorbed molecular form, bound predominantly to As, and an oxidic form, bound
predominantly to Ga.13 Electron irradiation of the adsorbed molecular form
converted it to the oxidic form. The mechanism of this reaction requires
molecular adsorption sites in which the As atoms are surrounded by Ga atoms to
enable subsequent reaction. An As-rich surface will have fewer such sites and
should show reduced reaction with adsorbed O atoms. That 1is, the surface

concentration of O in appropriate sites for reaction is rate-limiting.

The limited oxidation of an As-rich surface has been used in the protec-
tion of GaAs from atmospheric effects, by creation.of an As-rich layer on the
surface by molecular beam epitaxy (MBE)16 or electrochemical methods.17
Layers of As 50 to 1000 A thick were found to oxidize only at their surfaces
in air at room temperature and to prevent oxidation of the substrate GaAs. In
the present experiments the thickness of the As layer created by the HCl etch
could not be measured, since its XPS signal was unresolvable from that of the
substrate. It is probably much thinner than the MBE and electrochemical
films, and may not be continuous. However, even in this case the oxidation

rate is decreased when the surface layers are As-rich.

22
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N,0 + GaAs 3 N,0- GaAs (1)
Nzo.GaAs + hv » (N20~GaAs)* (2)
(N,0-Gaas)" + 0-CaAs + N,(g) (3)

0<GaAs + oxides (4)

where NZO-GaAs and O-GaAs represent adsorbed NZO and O atoms, respectively.

Another possible explanation of the decreases in F with increasing tem-
perature is that unoxidized Ga and/or As diffuses into the oxide layer, thus
increasing the denominator of the fraction F. However, solid-state diffusion
processes usually have activation energies of rens of kcal, many times greater

than that observed here.

The thickness of the oxide layers can be calculated approximately15 with
two assumptions. First, the escape depth A of the photoelectrons was taken to
be 15 A for both Ga and As. Second, the oxide layer is assumed to be a homo-
geneous film with an abrupt interface on top of the GaAs substrate. The
thickness of the native oxide is calculated to be 5 A, while the thickest pho-

tochemical oxide on a Brz-etched surface in these experiments is ~ 8 A thick.

The surface stoichiometry has a profound effect on the reaction. The
As~-covered surface does not oxidize as readily as the stoichiometric surface:
the fraction of oxidation is less and saturates at ~ 30 min. The approximate
thickness of the oxide layer at this point is only 6 A. The reaction has no
discernible temperature dependence, of reaction, as a temperature-dependence
piot shows (Fig. 6b). The change in surface stoichiometry may eliminate or
reduce the physisorption sites for Nzo, requiring gas—-phase dissociation of

N20 and transport of O to the surface. The gas-phase production of O atoms

21
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1~ Br,-ETCHED GaAs 0 HCI-ETCHED GaAs

2
= gk 60 min
0 1 30 min
= 60 min £
30 min
1 20 min : 20 min
= 10 min
-2 A R G R 3 N A A B
2.4 2.6 2.8 3.0 3.2 3.4 3.6 2.4 2.6 2.8 3.0 3.2 3.4 3.6
x 10K 10K
A B

Fig. 6. Temperature Dependence of Photochemical Oxidation of GaAs.
(a) Bry-etched surface. (b) HCl-etched surface.
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IV. DISCUSSION

"-'-A.AAA:AA

The observed temperature dependence of the photochemical oxidation (a
decrease in the fraction of oxidation as temperature increases) of clean,
stoichiometric GﬁAs by NZO and VUV irradiation indicates that a gas adsorption
step could be present in the reaction mechanism. The photodissociation of

N,0, whether in the gas phase or on the surface, is temperature independent,

DT VOO

and the rate of oxidation of GaAs by adsorbed oxygen (0) atoms produced by the

dissociation of N20 should increase slightly with increasing temperature. An
adsorption step will have its equilibrium shifted towards reactants

aaali L.

(unadsorbed gas and the clean surface) by increased temperature. Then, since
there i{s less gas adsorbed at higher temperature, the overall reaction will be
slower. Another possibility would be diffusion of Ga or As into the oxide
layer (this will be discussed later).

0 TOoE

Given the assumption that a gas adsorption step is responsible for the ]
temperature dependence, the adsorption energy Q can be calculated from the

temperature dependence of adsorption through the equation EaeQ/RT (Fig. 6a),

1%

and is 2 £ 1 kcal/mole, a value typical of physical adsorption. Oxygen atoms
created on the surface by electron irradiation are known to adsorb strongly to ]

GaAs,13 and the "excited oxygen” used in many oxidation studies to produce

fast, heavy oxidation may also be atomic oxygen.14 The adsorbing species in
the experiments described here is only physisorbed, and thus is probably

it s

NyO. The O atoms produced in the gas phase may be quenched too quickly in our
experimental conditions to live long enough to react with the surface,

although this seems unlikely. Another possibility is that the oxygen atoms

N e

produced in these experiments are not as reactive as those produced by
electron irradiation or by interaction with an fon-gauge filament; indeed, the

states of these latter two forms of “"excited oxygen” have not been

characterized. Therefore, the photodissociation of N20 occurs while it is
adsorbed on the surface, either directly or through mediation by the excited
surface. The adsorbed O atoms produced by this step then react with the GaAs '\

surface to produce Ga and As oxides. The overall reaction can be pictured as

I
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have F ~ 0.4. On the Br,y-etched surface for reaction temperatures of 70 and
100°C, the reaction does not appear to be nearing completion; F 1is still
increasing at 60 min. Reactions were not run for longer periods of time, so
the value of F at completion is not known. For lower temperatures the
reaction appears to slow after 30 min. Except for the 23°C case, the fraction
of oxidation decreases with increasing temperature. On the HCl-etched surface
the reaction 1s clearly slowing after 30 min; it is probably complete at 60

min for all temperatures studied, and has no obvious temperature dependence.
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Fig. 5. Progress of Photochemical Oxidation of GaAs, Illustrated

by the Fraction of Oxidation as a Function of Time.

Error bars represent the reproducibility expected in F as

a result of the 157 reproducibility of XPS intensity measure-
ments. (a) Bry-etched surface. (b) HCl-etched surface.
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Fig. 4. XPS Spectrum of HCl-Etched GaAs after Exposure to N20 and VUV
Radiation for 30 min at 40°C
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Fig. 3. XPS Spectrum of Br,-Etched GaAs after Exposure to N,0 and VUV
Radiation for 60 min at 70°C
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Table 1. Photochemical Oxide Composition |
3
s
Reaction As (oxides)? Oxidation S
Etch  Temperature, °C Time, min Ga,04 Fraction ]
Br, 100 60 0.98 0.34 #
30 0.77 0.21 ;
70 60 0.82 0.42 1
30 0.73 0.29 -
20 1.2 0.34 5
40 60 1.6 0.50 ;
: 30 0.92 0.49
[ 20 1.1 0.38
23 60 1.6 0.49
30 0.77 0.40 ;
20 1.0 0.35 b
b HC1 100 60 1.5 0.38 i’
30 1.2 0.36 7
_ 20 b 0.19
' 10 b 0.17
' 70 60 1.6 0.29
E 30 1.4 0.25
[ 40 60 1.2 0.35
{ 30 1.8 0.42
’ 20 b 0.39
g
t 10 b 0.09 ;
; 23 60 2.4 0.39 :
_ 30 0.94 0.32 ]
: 20 b 0.11 ol
& apatio of the amount of oxidized As to the amount of oxidized Ga observed by :\:
b XPS, using the corrected XPS peak intensities as the amounts. o]
; No Ga,04 observed. #
"
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B. GaAs PHOTOCHEMICAL OXIDE

The photochemical oxide grown under our re~ction conditions on a stoichi-
ometric Brz-etched GaAs surface has equal amounts of oxidized Ga and As and is
L not Ga)03-rich, as 1s the native oxide (Table 1). The Ga oxide present is
*iﬂ Gaj03, and the As oxides are As,04 and the less oxidized "AsQO"-like form
. mentioned above (Fig. 3). Elemental As is present, as indicated by the FWHM
' of the GaAs As peak of 1.7 eV. The photochemical oxide grown on an As-rich,
HCl-etched surface is As-rich (Table 1 and Fig. 4). 1In fact, for short reac-
h tion times only oxidized As (predominantly AsO) is observed, and no oxidized
Ga 1is present. Without VUV exposures, no oxide is formed on either type of

surface.

The progress of the reaction can be monitored by calculating the fraction
[ﬁ‘ F of the total Ga and As in the analysis volume that is oxidized (Table 1,
column 5; Fig. 5). F is calculated by taking the sum of the peak intensities
for GaAs, Gaj;04, and As as As,05 and "As0” and dividing that quantity by the

sum of the peak intensities for Ga and As in these forms as well as in oxi-

dized GaAs. Peak heights rather than peak areas were used because of the

difficulty of uniquely resolving overlapping peaks, The 0 (15) spectra were
not used in the analysis since they were very broad, indicating the presence
of more than one type of O environment, and could not be resolved. The peak
intensities have been corrected for the spectrometer sensitivity but not for
matrix effects (which are largely unknown), molar volumes (which are not well
defined, especially for the oxygen-deficient oxide “As0"), or depth into the

sample of the emitting atom (since it is not known whether the layers are

smooth or island-like). If the oxides are present as islands, the sigral for
g the oxides will not rise as rapidly as it would if the oxides were smooth
| layers, and the signal for the substrate will not fall as rapidly. Thus F

will depend less on reaction time for an island~growth mode than for a smooth-

n. layer growth mode, but will follow the same general trends.
For the native oxide, F = 0.4, or 40X of the Ga and As in the region
_ sampled by XPS is oxidized (as discussed below, this can be thought of as an
" oxide ~5 A thick). For a 60-min reaction time, the photochemical oxides also

12
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Fig. 2. XPS Spectrum of Native-Oxide-Covered GaAs after Exposure to VUV
Radiation for 30 min at 23°C
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